Objective: DNA methylation has been associated with both early life stress and depression. This study examined the combined association of DNA methylation at multiple CpG probes in five stress-related genes with depressive symptoms and tested whether these genes methylation mediated the association between childhood trauma and depression in two monozygotic (MZ) twin studies. Peripheral blood DNA methylation of five stress-related genes (BDNF, NR3C1, SLC6A4, MAOA, and MAOB) was quantified by bisulfite pyrosequencing or 450K BeadChip. We applied generalized Poisson linear-mixed models to examine the association between each single CpG methylation and depressive symptoms. The joint associations of multiple CpGs in a single gene or all five stress-related genes as a pathway were tested by weighted truncated product method. Mediation analysis was conducted to test the potential mediating effect of stress gene methylation on the relationship between childhood trauma and depressive symptoms. Results: Multiple CpG probes showed nominal individual associations, but very few survived multiple testing. Gene-based or gene-set approach, however, revealed significant joint associations of DNA methylation in all five stress-related genes with depressive symptoms in both studies. Moreover, two CpG probes in the BDNF and NR3C1 mediated approximately 20% of the association between childhood trauma and depressive symptoms. Conclusions: DNA methylation at multiple CpG sites are jointly associated with depressive symptoms and partly mediates the association between childhood trauma and depression. Our results highlight the importance of testing the combined effects of multiple CpG loci on complex traits and may unravel a molecular mechanism through which adverse early life experiences are biologically embedded.
INTRODUCTION D
epression affects more than 350 million people worldwide and has been projected to be the second leading cause of disability by the year 2020 (1) . Exposure to adverse early life experiences such as childhood trauma significantly increases the risk of major depression in adulthood (2) , but the molecular mechanisms through which stressful early life events become biologically embedded remain poorly understood. Deciphering the molecular mechanisms through which early life adversity exerts its long-term effect is likely to provide novel insights into disease pathogenesis and may also identify novel therapeutic targets for this debilitating disorder and its related conditions. DNA methylation, a molecular modification that alters gene expression without changing DNA sequence, can be modified by stressful and socioenvironmental factors (3) , and aberrant DNA methylation has been associated with a variety of stress-related neuropsychiatric disorders such as depression (4-7), schizophrenia (8) , bipolar disorder (9) , and autism (10) . Thus, DNA methylation may provide a mechanism through which early life adversity becomes biologically embedded in mental illness. Indeed, accumulating evidence from both experimental and human studies has suggested that adverse childhood experience can induce significant and persistent changes in DNA methylation (11) and other epigenetic modifications (12) . These stress-induced epigenetic alterations can cause stable changes in the expression of genes involved in the stress regulation system, thereby contributing to neuropsychiatric diseases including depression (13) .
Several candidate genes, including glucocorticoid receptor (NR3C1), brain-derived neurotrophic factor (BDNF), serotonin transporter (SLC6A4), and monoamine oxidase (MAOA, MAOB), are involved in stress response system. Altered DNA methylation of these stress-related genes could impair the negative feedback of hypothalamic-pituitary-adrenal axis (14) and contributes to depression. In support of this hypothesis, altered DNA methylation in the NR3C1 (15, 16) , BDNF (17) (18) (19) , and SLC6A4 (20, 21) genes have been associated with depression, possibly through blunting the hypothalamic-pituitary-adrenal-axis response to stress (3, 22) . Our group has also found that promoter hypermethylation of the SLC6A4 gene was associated with depressive symptoms in a monozygotic (MZ) twin sample (20) . Together, these findings suggest an important role of DNA methylation of stress-related genes in mediating the effect of early life adversity on depression. However, very few studies have tested this mediation in a systematic manner. In addition, previous studies have largely focused on testing the individual effect of single CpG methylation in a candidate gene, but as the effect size of a single CpG methylation could be rather small (23, 24) , testing their individual effect on a complex trait would be less efficient. Statistical approaches that can test the combined effect of multiple CpG sites in one gene or multiple genes involved in a biological pathway would be more appropriate.
The objectives of this study are to examine whether DNA methylation of five stress-related genes (NR3C1, SLC6A4, BDNF, MAOA, MAOB) are jointly associated with depressive symptoms and to examine whether stress-related gene methylation mediates the relationship between childhood traumatic experiences and depressive symptoms in two MZ twin studies.
METHODS AND MATERIALS

Twin Participants
The Twins Heart Study (THS, discovery sample) was designed to investigate the role of psychological, behavioral and biological risk factors in subclinical cardiovascular disease using a co-twin control design (25) . Briefly, the THS enrolled 187 middle-aged, male twin pairs who were born between 1946 and 1956 from the Vietnam Era Twin Registry. All twins were free of overt cardiovascular disease at the time of enrollment and were examined in pairs at the Emory University General Clinical Research Center between 2002 and 2010. Zygosity was determined by genotyping. All twins provided written informed consent. The protocol of the THS was approved by the Emory University Institutional Review Board. The current analysis included 84 MZ pairs (n = 168) with available DNA sample and phenotype data for both members of a twin pair. Among them, 53 twins had a history of major depression and 35 twins experienced posttraumatic stress disorder (PTSD).
The Mood and Methylation Study (MMS, replication sample) is a cross-sectional observational study designed to identify epigenetic determinants of major depression using an MZ discordant twin design. All twins enrolled in the MMS are members of the University of Washington Twin Registry, a community-based twin registry consisting of more than 10,000 twin pairs (26) . The MMS study is currently ongoing and will recruit 150 MZ twin pairs discordant on a lifetime history of major depression. Biospecimen will be collected for each twin and an epigenome-wide association study (EWAS) will be conducted using genomic DNA isolated from peripheral blood monocytes. The current analysis includes 35 female twin pairs with available DNA methylation and clinical data enrolled between September 2014 and September 2015. All participants provided written informed consent, and the study protocols were approved by the institutional review boards of the participating universities. Zygosity was determined using single nucleotide polymorphism control probes (n = 65) located on the Illumina HumanMethylation450K Beadchip.
Measurement of Depressive Symptoms
In both studies, current depressive symptoms were assessed using the Beck Depression Inventory-II (BDI-II) (27) . The questionnaire includes 21 items and asks how well an individual felt for the past 2 weeks. Each of the 21 items rates severity of depression on a four-point scale ranging from 0 to 3. Thus, the total score ranges from 0 to 63, with a higher score indicating a higher level of depression. We also measured lifetime history of major depression using the structured clinical interview IV (DSM-IV) in both studies. However, because most twins in the THS experienced their last episode of depression at least 3 years ago, and a different version of the DSM-IV was used in the MMS (DSM-IV-R), the current analysis focused on current depressive symptoms as measured by the continuous BDI-II scores.
Assessment of Childhood Traumatic Experiences
In both THS and MMS, childhood traumatic experiences were assessed retrospectively using the Early Trauma Inventory Self Report -Short Form (28) . This questionnaire includes 27 true or false questions asking whether an individual was exposed to potentially traumatic experiences before the age of 18 years. The Early Trauma Inventory Self Report -Short Form assesses four domains of traumatic experiences including physical abuse (5 items), emotional abuse (5 items), sexual abuse (6 items), and general trauma (11 items). Briefly, physical abuse was defined as a physical contact, constraint, or confinement, with intent to hurt or injure. Sexual abuse was defined as an unwanted sexual contact performed solely for the gratification of the perpetrator or for the purposes of dominating or degrading the victim. Emotional abuse captured verbal communication with the intention of humiliating or degrading the victim. General trauma comprised a range of other stressful and traumatic events (i.e., natural disaster, family mental illness, separation of parents, etc.). Score on each domain was obtained by summing all items in that domain and further categorized using mean plus one standard deviation (SD) as a cutoff based on the score in healthy individuals without depression or PTSD as previously reported (28) . Individuals with a score higher than the cutoff of a specific domain of traumatic experiences were defined as exposed, whereas those with a score less than the cutoff was defined as unexposed to that specific domain of trauma. In addition, we defined a twin as having been exposed to childhood trauma if he/she experienced one or more domains of traumatic experiences and unexposed otherwise. This composite variable was used in the statistical analysis.
DNA Methylation Measurement
In the THS, promoter DNA methylation of five stress-related genes, including BDNF, NR3C1, SLC6A4, MAOA, and MAOB, was quantified by bisulfite pyrosequencing using genomic DNA isolated from peripheral blood leukocytes. Detailed methods for DNA methylation assays had been described previously (20) . In brief, genomic DNA was first bisulfite treated using the EZ DNA Methylation Kit (Zymo Research, Inc, CA) according to the manufacturer's protocol and then processed by pyrosequencing on the PSQ96 HS System (Pyrosequencing, Qiagen). For quality control, each experiment included non-CpG cytosines as an internal control to verify completion of sodium bisulfite DNA conversion. Pyrosequencing assay was run in duplicates, with a high correlation (≥99.8%) of two runs for the same sample.
In the MMS, DNA methylation of the five candidate genes in peripheral blood monocytes was obtained as a part of the EWAS by Illumina Infinium HumanMethylation450 BeadChip (Illumina, Inc, San Diego, CA). In brief, monocytes were isolated from fresh peripheral blood (collected into EDTA vacutainer tubes) using the Monocyte Isolation Kit II from Miltenyi Biotec (Auburn, CA). Genomic DNA isolated from monocytes was first bisulfite treated using the EZ-96 DNA methylation kit (Zymo Research, Orange, CA) and then whole genome widely amplified, fragmented, and hybridized to locus-specific oligomer probes linked to individual beads on a BeadChip array. Hybridization was followed by single-base extension of the oligomer with a labeled nucleotide. The BeadChip was subsequently fluorescently stained and scanned on HiScan scanner (Illumina, Inc). Data preprocessing and QC followed manufacturer's instructions. Twin pairs with one or both samples had more than 5% of probes with a detection p value of greater than .05 excluded from downstream analysis. Before statistical analysis, DNA methylation data were normalized with functional normalization after subtracting background noises using the R package minfi (29) . This method corrects for the bias of the two different probe types on the array and batch effects via an unsupervised approach (30) .
In both studies, DNA methylation level at each CpG site was calculated as the percentage of the methylated alleles over the sum of methylated and unmethylated alleles, i.e., methylation value ranging from 0 (unmethylated) to 100% (fully methylated). To minimize batch effect, matched twin pairs were hybridized on the same assay or chip. Supplementary Figures S1-S5, Supplemental Digital Content, http://links.lww.com/PSYMED/A480, schematically illustrate the relative positions of the assayed CpGs in either study.
Other Measurements
For both studies, body weight (kilogram) and height (centimeter) were measured when twin participants wore light clothes and no shoes by trained research staff. Body mass index (BMI) was calculated by dividing weight in kilograms by the square of height in meters (kilogram per square meter). Pack-years of smoking were calculated as the number of packs of cigarettes smoked per day times the number of years smoked. Physical activity was assessed by means of the Baecke global physical activity score, which summarizes activity related to work, sports, and leisure (31) . Family income level in the past year was assessed using a 10-point scale with a higher score indicating higher income. All the measurements were performed at the same moment as blood drawn.
In the THS, information on alcoholic (wine, beer, or cocktail) beverages consumed within a typical week was obtained and alcohol consumption (gram per week) was estimated as previously described (32) . Alcohol consumption in the MMS was assessed using the Alcohol Use Disorders Identification Test, which is a 10-item questionnaire developed by the World Health Organization and has been widely used for screening of harmful and dangerous alcohol consumption (33) . In the current analysis, we used the summed score of the first three items as an estimation of alcohol consumption among twins participating in the MMS.
Statistical Analysis
Statistical analyses were conducted to examine the joint association of DNA methylation at multiple CpG probes in five stress-related genes with depressive symptoms and test whether stress gene methylation mediates the relationship between childhood traumatic experiences and depressive symptoms. Analyses were first conducted in the THS, followed by replication in the MMS. Statistical analyses were conducted using SAS statistical software (Version 9.4, Cary, NC).
Gene-Based and Gene-Set Analysis to Test the Joint Association of Multiple CpG Methylation in Five Stress-Related Genes With Depressive Symptoms
Previous studies suggested that the effect size of an individual CpG methylation could be rather small (23, 24) . Thus, we examined the joint association of DNA methylation at multiple CpG sites in a candidate gene or all five stress-related genes as a pathway with depressive symptoms. To achieve this, we first conducted single CpG association analysis by constructing generalized Poisson linear mixed models, in which depressive symptoms (BDI-II scores) was the dependent variable and DNA methylation level at each CpG probe in a candidate gene was the independent variable, adjusting for twin age, family income, cigarette smoking (pack-year), alcohol consumption, physical activity, BMI, and history of PTSD (y/n). The mixed Poisson model was used here to account for the within twin-pair correlations and the count data of depressive symptoms. Multiple testing was controlled by adjusting for the total number of CpG sites in a candidate gene, and an FDR-adjusted p value (i.e., q value) of less than .1 was considered nominally significant. We also performed co-twin control analysis based on intrapair differences in DNA methylation or depressive symptoms of two twins in a pair. However, because our sample size is small and the matched pair analysis further halves the sample size, our gene-based and gene-set analyses as described hereinafter were based on results from the mixed-model analysis.
Based on results from single CpG association analysis, we tested the joint association of DNA methylation at multiple CpG probes in each stress-related gene with depressive symptoms using the weighted truncated product method as previously described (34) . This method combines p values of all CpGs that reaches a preselected threshold (e.g., raw p < .1 in this study) in a gene of interest. The regression coefficient of each individual CpG methylation was included as weights in the weighted truncated product method statistic. Multiple testing of the gene-based analysis was controlled by adjusting for the total number of genes tested. The gene-set association analysis was performed similarly by including all genes with a gene-based p value of less than .1. This method has been evaluated by simulation studies (35) , and our group has applied this method to determine the joint effects of genetic variants in the nicotinic acetylcholine receptor genes on diabetes (36), subclinical atherosclerosis (37) , kidney function (38) , and obesity (39) . The present study extended this approach to epigenetic analysis.
Of note, because of using two different platforms for DNA methylation assay, most CpG probes assayed in our discovery and replication samples were not identical. However, this did not prevent us from replicating our results across the two studies because our primary goal is to test the combined rather than individual association of multiple CpGs methylation in all five stress-related genes with depression. As such, our replication in the MMS focused on gene-and pathway-level association analysis.
Testing the Association Between Childhood Traumatic Experiences and DNA Methylation
To examine the relationship between childhood traumatic experiences and DNA methylation of stress-related genes, we constructed a linear mixed model in which DNA methylation at each CpG site was the dependent variable and a specific domain of childhood traumatic experiences (e.g., physical abuse, emotional abuse, sexual abuse, general trauma, separately, as well as childhood trauma) was the independent variable, adjusting for twin age, family income, pack-year, alcohol consumption, physical activity, BMI, and history of PTSD (y/n). Multiple testing was corrected by adjusting for the total number of CpG sites in each candidate gene and q < 0.1 was considered nominally significant.
Mediation Analysis
This analysis focuses on CpG sites that showed nominally significant associations with both childhood traumatic experiences and depressive symptoms. To test whether DNA methylation mediates the association between childhood traumatic experiences and depressive symptoms, we constructed a series of conditional regression models as described hereinafter. Specifically, we tested the following conditions:
• The relationship between each domain of traumatic experiences (X) and current depressive symptoms (Y) (Y = β Tot X, β Tot : total effect); • The relationship between each domain of traumatic experiences (X) and DNA methylation (M) at each CpG site (M 1 = β 1 X, M 2 = β 2 X, …, M n = β n X); • The relationship between DNA methylation (M) and depressive symptoms (Y) after controllingforchildhoodtraumaticexperiences(X)(
We then calculated the mediating effect of each individual CpG site ( age, family income, cigarette smoking (pack-year), alcohol consumption, physical activity, BMI, and history of PTSD (y/n). The 95% confidence interval of mediating effect was estimated by the Monte Carlo confidence intervals (40) .
RESULTS
The current analysis comprises 119 MZ twin pairs, including 84 male MZ twin pairs (n = 168, mean age = 55 years) from the THS (discovery) and 35 female MZ pairs (n = 70, mean age = 36 years) from the MMS (replication). Childhood trauma is highly prevalent in both studies (57% of the twins in the THS, and 43% of the female twins in the MMS experienced at least 1 type of early trauma). The characteristics of twin participants according to exposure status of childhood trauma (y/n) are shown in Table 1 . Twins exposed to childhood trauma had a significantly higher BDI-II score than those unexposed in both studies (p < .001). Moreover, exposed twins smoked more cigarettes and had lower physical activity level than unexposed twins in the MMS (all p < .05). No significant difference was detected for other listed variables between the two groups. The frequency of each domain of childhood traumatic experiences and their associations with depressive symptoms are shown in Supplementary Tables S1 and S2 , Supplemental Digital Content, http:// links.lww.com/PSYMED/A480.
Joint Association of DNA Methylation in Five Stress-Related Genes With Depressive Symptoms
Of the 69 assayed CpG probes in the promoter regions of five stress-related genes assayed in the THS, DNA methylation levels at 27 CpG sites (3 in the BDNF gene, 9 in the NR3C1 gene, 10 in the SLC6A4 gene, 4 in the MAOA gene, 1 in the MAOB gene) seemed to be associated with depressive symptoms after adjusting for covariates (all p < .05). However, after further correction for multiple testing, 18 CpG sites (2 in the BDNF gene, 9 in the NR3C1 gene, 3 in the SLC6A4 gene, 4 in the MAOA gene) only showed nominal associations at q < 0.1 (Table 2) . Although most putative CpGs in the BDNF, NR3C1, and SLC6A4 genes were positively associated with depressive symptoms (i.e., hypermethylated), we also observed negative associations at one CpG in the BDNF gene and three CpGs in the NR3C1 gene. In contrast, all CpG sites in the MAOA gene were negatively associated with depressive symptoms (i.e., hypomethylated). Supplementary Tables S3 and S4 , Supplemental Digital Content, http://links.lww.com/PSYMED/ A480, show the results of the association between single CpG methylation and depressive symptoms in the THS and MMS, respectively. Gene-based analysis in the THS detected significant associations of DNA methylation in all five stress-related genes with depressive symptoms after multiple testing correction (all q < 0.05), and all these associations were confirmed in the MMS. Gene-set analysis demonstrated that DNA methylation of the stress response pathway jointly contributed to depressive symptoms in both studies (Table 3) .
Association Between Childhood Trauma and DNA Methylation
Supplementary Table S5, Supplemental Digital Content, http:// links.lww.com/PSYMED/A480, presents the association of each domain of childhood traumatic experiences with DNA methylation in five stress-related genes in the THS. It shows that altered DNA methylation of the BDNF gene (hypermethylation at 2 CpG sites, hypomethylation at 1 CpG site) and the NR3C1 gene (hypermethylation at 4 CpG sites) was nominally associated with history of childhood physical abuse (all q < 0.1) ( Table 4 ). Of these, hypermethylation at two CpG sites (1 in the BDNF gene, 1 in the NR3C1 gene) was also nominally associated with depressive symptoms (Table 2) . With respect to the composite variable for childhood trauma (y/n), exposure to one or more domains of childhood traumatic experiences was nominally associated with hypermethylation of 10 CpG sites (3 in the BDNF gene, 5 in the NR3C1 gene, 1 in the SLC6A4 gene, 1 in the MAOB gene) (all q < 0.1) ( Table 4) . Of these, hypermethylation of four CpGs (2 in the BDNF gene and 2 in the NR3C1 gene) was also nominally associated with depressive symptoms (Table 2) .
In addition to the previously described CpG sites in response to physical abuse and the composite variable for childhood trauma, we also observed nominal associations of DNA methylation at multiple CpG sites with other domains of childhood traumatic experiences, but none withstood multiple testing correction, probably due to the low prevalence of such events (and thus low statistical power) in our sample.
Although we cannot replicate the associations between childhood trauma and DNA methylation of the 10 CpGs identified in the THS because of incomplete overlapping of CpG probes assayed in the two studies, we detected an association between hypermethylation of a CpG probe in the NR3C1 gene and emotional abuse in the MMS (q = 0.042). Results of the associations between childhood traumatic experiences and DNA methylation of the five stressrelated genes in the MMS are shown in Supplementary Table S6 , Supplemental Digital Content, http://links.lww.com/PSYMED/A480.
DNA Methylation of Stress-Related Genes Mediates the Relationship Between Childhood Trauma and Depressive Symptoms
Our mediation analysis focused on four CpG loci (2 in the BDNF gene and 2 in the NR3C1 gene) that are nominally associated with both childhood trauma (y/n) and depressive symptoms in the THS.
We found that hypermethylation of four CpG sites (1 in the BDNF gene, 2 in the NR3C1 gene) showed significant individual mediation on the relationship between childhood trauma and depressive symptoms (Table 5 ). To examine their joint mediating effect, we conducted multiple mediation analysis by including all three CpG sites in a single mediation model. We found that two CpG sites (1 in the BDNF gene and 1 in the NR3C1 gene) jointly mediated the association between childhood trauma and depressive symptoms. The joint mediating effect of these two CpGs was schematically illustrated in Figure 1 . DNA methylation of one CpG site in the BDNF gene and one CpG site in the NR3C1 gene accounts for approximately 11% (95% CI = 1.3%-24.4%) and 10% (95% CI = 0.8%-23.6%), respectively, of the association between childhood trauma and depressive symptoms. However, we were unable 
DISCUSSION
In two MZ twin studies, we demonstrated for the first time that DNA methylation in five stress-related genes were jointly associated with depressive symptoms and partially mediated the association between childhood trauma and depressive symptoms at adulthood. Our finding highlights the importance of testing the combined epigenetic effects of multiple CpG loci on human complex traits and may also unravel a molecular pathway through which adverse early life experiences become biologically embedded in risk of depression later in life.
In line with previous studies (23, 24) , we found that the association of an individual CpG methylation with depressive symptoms was in general small (mostly <5%), and statistically, most CpG sites could not withstand multiple testing correction. For instance, of the 18 CpG sites showing nominal associations with depressive symptoms at q < 0.1 in our discovery sample, except for one CpG in the NR3C1 gene, which explains approximately 6% of variability in depressive symptoms, DNA methylation at all other 17 CpG sites singly explained approximately 0.04% to 3.5% of the variance in depressive symptoms, and only eight CpG loci passed multiple testing at the level of q < 0.05. A similar phenomenon was also observed in our replication sample. Such small effect size may not be detected by conventional statistical methods. However, their combined effects may be large enough to be useful for risk prediction. For example, of the seven CpG loci in the MAOB gene assayed in the THS, although DNA methylation at only one site was nominally associated with depressive symptoms (raw p = .016), which disappeared after multiple testing correction, our gene-based analysis detected a significant association of all seven CpG probes in this gene with depressive symptoms (q = 0.026). Similarly, our gene-set analysis comprising all five stress-related genes illustrated that altered DNA methylation of the stress response pathway as a whole was significantly associated with depressive symptoms. Together, these results demonstrated that testing the combined effects of multiple CpG loci in a gene or multiple candidate genes in a pathway represents a powerful approach to unravel the complex epigenetic etiology of human complex traits such as depression. Of note, although several previous studies have reported associations of single CpG methylation in stress-related genes such as BDNF (17) (18) (19) 41) , NR3C1 (16, 42) , SLC6A4 (21), and MAOA (43) with major depression, no study has systemically tested the joint contribution of multiple CpG methylation in one or multiple genes in the stress response pathway in relation to depression. Moreover, we are unaware of any previous studies investigating the association between DNA methylation of the MAOB gene and major depression in human populations.
Although it is well recognized that early life adversity is a strong predictor of adverse health outcomes later in life (44), exposure to different forms of childhood trauma may result in different clinical symptoms/outcomes, although the underlying molecular mechanisms remain to be determined. For instance, in a previous study including 533 children (mean age = 10 years), those exposed to physical or sexual abuse in their early years of life exhibited different patterns of cortisol fluctuations during a day, indicating differential neuroendocrine responses to different types of early traumatic experiences (45) . In another study, women who were sexually abused or emotionally mistreated before the onset of puberty displayed differential changes in the architecture of their brains, probably reflecting the specific neuroendocrine responses to different traumatic exposures during their early life (46) . Consistent with previous studies, here we observed differential DNA methylation patterns of stress-related genes in response to different domains of childhood traumatic experiences. Specifically, we found that hypermethylation of one CpG probe in the MAOB gene seemed to be responsive to sexual abuse (p = .04) but not to other forms of traumatic experiences. Moreover, hypermethylation of several CpG sites in the NR3C1 gene seemed to be associated with physical abuse but not other types of traumatic experiences. Our results corroborate these previous findings and suggest that exposure to different types of traumatic experiences may leave specific epigenetic marks on stress-related genes. Thus, altered DNA methylation may underlie, at least in part, the differential impact of different types of early trauma on depression later in life.
Despite the accumulating evidence suggesting that DNA methylation of stress responsive genes may mediate the effect of childhood trauma on depression (3, 14, 22) , no study has statistically tested this in a systematic manner. Here, we demonstrated that more than 20% of the association between childhood trauma and depressive symptoms was mediated through two CpG sites in the NR3C1 and BDNF genes. The mediating CpG site in the NR3C1 gene identified in the current study (locates in the promoter 1 F region) has previously been associated with childhood maltreatment (47), early parental loss (43) , and depression (16) . In addition, we found that hypermethylation of a CpG probe in the BDNF gene was positively associated with depressive symptoms, which seems to be consistent with previous research demonstrating that a decreased serum BDNF level was associated with depression (19, 48) , and decreased synthesis of BDNF level in the neurons was correlated with hypermethylation of the BDNF gene (49) .
Our study has several limitations. First, because using two different platforms for DNA methylation analysis in our discovery and replication samples, most CpG sites assayed in the two studies were not completely overlapped. Although this did not allow us to replicate the association of an individual CpG methylation with depressive symptoms across the two studies, our goal here is to test the joint rather than individual effect of DNA methylation at multiple CpG sites, and the lack of overlapping for single CpGs across the two studies did not affect our gene-and pathway-based association analyses. Second, we assayed DNA methylation in peripheral blood, but as DNA methylation is tissue-specific, it is unclear whether or to what extent our results could reflect DNA methylation changes in the brain, the target organ of depression. According to the algorithm suggested by Hannon and colleagues (50), we found significant correlations in DNA methylation of the MAOA and MAOB genes between white blood cells and the brain tissue, whereas no significant correlation was detected for the other three genes, e.g., BDNF, NR3C1, and SLC6A4. However, accumulating evidence indicated that epimutations may not be limited to the affected tissue but could also be detected in peripheral blood (51) . Third, although we used MZ twin pairs design, our gene-based and gene-set analyses were based on mixed linear model rather than co-twin control analysis in consideration of the small sample size, which would be halved again in matched pair analysis. Thus, although our analysis adjusted for many known clinical factors, we cannot exclude the possibility of potential confounding by shared familial factors (e.g., shared genes, shared early life environment, e.g., in utero environment, maternal nutrition, etc.), and our results should not be overinterpreted. Fourth, because all twins included in the current analysis are young to middle-aged European white participants, the generalizability of our results to other age or ethnic groups is uncertain. Fifth, as all observational studies, we cannot determine the causal effect of DNA methylation on depressive symptoms. Moreover, as all studies using MZ twins, the sample size of our study is relatively small that no CpG sites represented statistically significant associations with both childhood trauma and depressive symptoms. However, mediation analysis based on the nominally significant CpG sites demonstrated significant mediations of CpG methylation between childhood trauma and depressive symptoms in our study. Even though we were able to replicate the results across two studies, our results may still need to be confirmed or refused in larger populations with different clinical settings. Lastly, data on white blood cell type proportions were not available in the THS, we cannot eliminate the influence of cell type on our results. Nonetheless, our study has several strengths. First, we used innovative statistical methods to test the joint association of DNA methylation at multiple CpG sites in one or more stress-related genes with depressive symptoms. Our results provide initial evidence that altered DNA methylation of the stress system jointly contributes to depression and highlight the importance of testing the combined rather than the individual effect of epigenetic markers on human complex traits. Second, although previous studies have reported the relationship between childhood trauma, DNA methylation of stress-related genes, and major depression (15) (16) (17) (18) (19) (20) (21) , the mediating effect of DNA methylation in multiple stress-related genes on the association of childhood trauma with depressive symptoms has not been systematically examined as the one presented here. Our mediation analysis demonstrated that DNA methylation of two stress-related genes (BDNF, NR3C1) mediate, either individually or jointly, the association between childhood trauma and depression. This finding may unravel a molecular pathway through which early life traumatic experiences become biologically embedded in the risk of depression. Third, although we were unable to replicate the results of a single CpG association analysis across the two studies due to using different platforms for DNA methylation assays, we were able to successfully replicate the joint association of DNA methylation of five stress-related genes with depressive symptoms in two MZ twin studies at both the gene and pathway levels.
FIGURE 1.
A schematic illustration of the joint mediating effect of two CpGs in the BDNF and NR3C1 genes on the relationship between childhood trauma and depressive symptoms in the THS. In this model, the three CpG sites showing significant individual mediation were included as mediators, childhood trauma was exposure variable, and depressive symptoms was outcome variable, adjusting for twin age, family income level, pack-year, alcohol consumption, physical activity, body mass index, and history of PTSD. One CpG site in the NR3C1 gene (Chr5: 142783531) showing a significant mediating effect in individual mediation analysis but not in joint mediation analysis was not shown in this figure. *p < .05.
In summary, we demonstrate that altered DNA methylation in stress-related genes is jointly associated with depressive symptoms and partially mediates the association of childhood trauma with depression later in life. Our results may unravel a molecular mechanism through which early life stress becomes biologically embedded in the risk of depression during adulthood and highlights the importance of testing the combined effects of multiple CpG methylation on human complex traits.
